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INTRODUCTION
Over the last years, a large number of researchers have been interested in controlling strategies for energy saving of buildings (Scherer et al., 2014) , (Atam and Helsen, 2016) . Indeed, the construction sector, especially electrical energy, is the largest energy consumer. It represents approximately 40% of the total energy consumption between all sectors of the economy in France and in the US (Agbi, 2014) . One of possible approaches to reduce energy consumption in buildings is to use advanced control tools to effectively monitor all the building actuators to ensure its hygrothermal comfort (Goyal et al., 2013) , (Privara et al., 2011) . In this paper, a thorough methodology of modelling/controlling a building part is proposed to ensure the thermal comfort of its inhabitants while minimizing energy consumption. It uses the Simscape TM toolboxes to model the thermal behaviour of the building (Lapusan et al., 2016) , and an iterative algorithm (or Yalmip (Lofberg, 2004) ) to solve the optimization problem related to the synthesis of a predictive control. The applied target is the "Eco-safe" platform (CRAN Nancy, France) that fits in a global context of smart home. The developed Simscape TM model is based on a physical description of the building. This approach allows the description of the system as a physical structure rather than by abstract mathematical equations. Furthermore, the differential equations that describe the thermal behaviour of the system can be directly generated from the Simscape TM model. This modelling step in the form of a statespace representation is essential for the development of a predictive control model (MPC) (Camacho and Bordons, 2007) . This type of control is favoured because it has the advantage of taking into account the disturbance predictions that greatly influence the interior comfort of a building (outside temperature, sunshine, occupations of parts) while anticipating their effects (Ma et al., 2011) , (Oldewurtel et al., 2012) , (Privara et al., 2011) . Knowing that each control action is associated with a different state-space model of the system, the predictive control used is considered as a hybrid type (Le et al., 2014) . In view of the control objectives, the associated optimization criterion is defined to integrate the energy cost of each actuator in kW h, the resolution of the optimization problem is executed using the Yalmip tool of Matlab or an iterative algorithm for important prediction horizon. The first part of this work is focused on the thermal modelling of a set of building parts because few works have been interested in this issue. The validation of the model and the control will be conducted on the "Eco-safe" platform. Next a model predictive control is put in order to ensure the thermal comfort of the rooms of the platform with a minimum of energy consumption. Tests of simulation with various scenarios were developed to exhibit the energy benefits.
PLATFORM DESCRIPTION
The "Eco-safe" platform consists of 6 rooms and a corridor (Figure 1 ). The rooms are equipped with sensors and actuators to model their thermal behaviour and control their comfort. Regarding the area, the platform is characterized by two main activity rooms: "a room of research and development" (R&D, 1 ) of 51m 2 and a piece of applications 5 of 34m 2 . Four other rooms, 17m 2 each, allow to store tools and various materials (parts 2 + 4 ) or to have an estimate of the rooms temperature located in the upper and lower floors ( 3 + 6 ), because with the same neutral behaviour. The platform consists of heterogeneous equipment architecture such as the sensors needed for the modelling of its thermal response, the equipment contributing to the thermal comfort of the rooms and a weather station that integrates several sensors. To ensure the thermal comfort of this platform by implementing a predictive control based on the minimization of energy consumption, it is necessary to determine a model for the thermal behaviour of the platform. The following paragraph provides an answer to this objective through the definition of a simulator. 
THERMAL MODELLING OF THE PLATFORM
The simplified physical model we aim to establish has the role to predict the thermal behaviour of the whole platform. The latter is decomposed piece by piece taking into account their orientation in order to further simulate the influence of the solar radiation. Each room consists of different elements (walls, ceiling, floor, windows), some of which benefit from some solar energy inputs. The temperature of the R&D room, ( 1 ) and applications ( 5 ) is also influenced by a main source of energy which is a reversible heat pump to produce the heat and cold. In addition, air flow is provided between these same rooms through two controlled mechanical ventilation (CMV). Overall, the energy balance for each of the rooms can be translated by the following equation:
+θ occupancy + θ energy (1) with:
• C int : heat capacity (J/K) of the considered room; • T int , T ext and T int,i : temperature (K) of the considered room, of outside and of the adjacent rooms;
• θ energy and θ occupancy : energy contributions (W ) and heat generated by the inhabitants of the room;
• f ext (T ext , T int ) and f i (T int , T int,i ): functions reflecting the thermal behaviour of interfaces between the room and the outside or adjacent rooms. In order to establish the complete thermal model of the "Eco-safe" platform, we use a physical approach based on the Simscape TM tool (Lapusan et al., 2016) in the environment Simulink R . The global model of the platform is the result of the integration of all room models. Each room includes walls and windows that are interacting with the external environment and neighbouring rooms by each mode of heat transfer. While this issue is the subject of the section that follows, the energy sources influencing the room thermodynamics are modelled in the last paragraph.
Thermal Modelling of a Room
The room model is developed using the thermal elements library of Simscape TM . If a correspondence is established between the flow of heat and electric power as well as between the temperature and the potential difference, it is conventional to establish thermoelectric analogies (Achterbosch et al., 1985) . This analogy will be used in the transcript of the Simscape TM model of the platform to a state-space model.
Models of a Wall and a Set of Windows
Wall: The thermal equilibrium is established taking into account the convective exchange between the wall and the air that surrounds it on each side. Inside the wall, the heat is transferred through conduction phenomenon. The wall model developed on Simscape TM model is presented in Figure 2a , in which it is assumed that the wall is the interface between the inside of a room and the outside air. By electrical analogy, the wall can also be described by a 2R1C model (2 resistors and 1 capacitor) and schematically represented in Figure 2b , which presents the following notations:
room, in the middle of the wall and of outside;
• (R 11 , R 41 ) and (R 21 , R 31 ): thermal resistances (K/W ) of convection and conduction;
• C 11 , C 21 : heat thermal capacities (J/K) of the room and of the exterior wall. 
Set of windows:
To model the thermal behaviour of all windows in a room, we assumed that it was identical to consider a single window of equivalent surface. Knowing that the windows in the rooms are all double glazed, their modelling requires to take into account not only the surface/superficial resistance of inside and outside exchange (transfer by convection/ convective transfer) but also transfers by conduction within the two glass panes and the air space between them (see Figure 3a) . By analogy, a 4R3C model is used to determine the associated state-space representation (see Figure 3b) . with:
of the room and in the middle of the inner glass, of the air space and of the outer glass;
• (R 12 , R 82 ) and (R 22 , R 32 ,. . ., R 62 , R 72 ): thermal resistances (K/W ) of convection and conduction;
• C 22 , C 32 , C 42 : heat thermal capacities (J/K) of the glass and of the air space/blade; The state-space representations of a wall and of a set of windows are then obtained by the application of Millman's theorem.
Models of a Room and "Eco-safe" Platform
Room: A room being made up of several walls, a slab, a ceiling (whose thermal behaviour is similar to that of a wall in our case) and possible windows, the one-room model is obtained by the integration of the models of each of these elements within a unique state-space representation. Considering the R&D room ( 1 ) of the platform "Eco-safe" represented in Figure 4 , the state-space model thus obtained is of order 11 (5 adjacent walls (order 1) + 1 ceiling (order 1) + 1 ground (order 1) + 1 set of windows (order 3) + heat capacity of the room (order 1)).
"Eco-safe" Platform: The platform is modelled by a set of rooms delimited by the walls that are in thermal contact with the outside environment and neighbouring rooms. Applying the same technique of modelling than for room 1 , we get a state-space representation of order 72 to simulate the thermal behaviour of the platform. In this model, the temperature values of the upper and lower floors are considered to be identical to those of the reference rooms ( 3 + 6 ).
Modelling of Energy Sources
The most important elements that produce the heat or cold inside the building are the reversible heat pump, the ventilation system and sun radiation. These different equipments/contributions of energy are modelled in this paragraph to be integrated in the simulator. The model also takes into account the effect of the people inside the platform and that of different electrical appliances that generate heat.
CMV
The CMV is used to circulate the air between rooms 1 and 5 (see Figure 1 ). It is assumed that the air taken in the 'source' room is replaced by the outside air through the openings at the level of the windows. On the other hand, air received by the 'destination' room replaces a part of its air that is equally displaced through the openings at the level of the windows. If we take the example that the air flows from room 5 to room 1 , the energy flows generated by the CMV are at the level of the 'source' room:
and at the level of the 'destination' room: 
Reversible Heat Pump (HP)
A heat pump is a thermodynamic device that allows capturing heat from outdoor air and transmitting it inside the building. Being reversible, the HP air -water of the platform is capable of providing air conditioning in the summer. It starts running in heating mode in the order of 312K and 290K into cooling mode. Essentially, and without taking into account the transitional aspects, the equation translating this energy flow is in the heating mode:
and in air conditioning mode:
with D HP = 5000 m 3 /h the air flow of the HP and T i the room temperature (K) in which the HP is used.
Modelling of the Occupation
Each individual has a sensible heat (by his/her body at 37 • C) and a latent heat (by his/her production of steam in breathing and perspiration). Different values are given in the literature (ASHRAE, 2013) . A person generates about 100W . By multiplying this value by the number of people in a room, we get the energy released by them.
Inputs of Energy by Solar Radiation
The sun provides heat that greatly influences the temperature within the platform rooms. The estimated brought solar energy requires to instantly follow the positioning of the sun and to take into account the radiation so that diffuse direct. In order to understand the calculations to quantify the global radiation, it is important to define not only the various solar components, but also the different angles used for calculations (Antonic, 1998) . The energy related to the direct radiation is such that:
where h is the height of the sun and β is the angle between the normal to the windows and the solar rays. They depend on the the latitude, the hour angle, the solar declination and the solar azimuth. As for the energy associated to the diffused radiation energy, it is calculated by the relationship :
where alb = 0.2 is the albedo and i = 90 corresponds to the inclination of the windows according to the horizontal.
Simulation Results
The simulator is implemented by integrating the set of energy sources described in the previous paragraph to the Simscape TM model of the "Eco-safe" platform. The associated state-space representation is determined by adding these different energy sources on the equivalent electrical schemas/diagrams in terms of the correspondence between a heat flow and an electric current. The use of the CMV or HP has the effect of changing the state-space model of the system. Considering different scenarios of following control, it is possible to define 6 state-space models of the platform: For simulation, continuous time models are finally discretized with a 5-mn sampling period. They become:
with:
• i ∈ {0, ..., 5}: the type of implemented control on the system identically to the number of scenario; • A sim i and B sim i : state and input matrices associated with the number of scenario; C sim : output matrix; • x(k) ∈ R 72 : state vector grouping all temperatures of walls, windows and rooms of the platform.
•
• T ext,k : outside temperature (K);
• Occ k : energy brought by occupants of room 1 ;
• Sol west k and Sol east k : energy provided by solar radiation for rooms 1 , 2 , 3 and 4 , 5 , 6 resp.; • T HP,k : temperature of the air forced through the HP, T HP,k =290K (cold mode) or 312K (hot mode). Parameters R i j and C i j of the simulator were calculated from the nature and characteristics of the different materials used in the wall dividers, walls and windows of the platform. They have been adjusted from the temperature curves actually observed on the system. According to figures 7a and 7b, it appears that the profiles of actual and estimated temperature values are found to be very similar. The simulated curves were generated according to the different scenarios of control represented in Figure 6b and from the entries T ext,k (Figure 5 ), Sol west k and Sol east k (Figure 6a) , which are the data issued from the meteorology station over the period 14/09/2016 -20/09/2016. Figure 8b represents the temperature estimated by the simulator within rooms 1 and 5 in scenario 0. In addition to the previous inputs, the energy released from occupancy Occ k (figure 8a) is also considered. The latter represents approximatively the energy generated by 24 people in room 1 assuming their presence all the open days from 8h to 12h and from 14h to 18h.
The following paragraph aims to implement a control law on the platform, which is capable of ensuring thermal comfort in the occupied rooms while minimizing energy consumption. A predictive control is used on the basis of the simulator of the platform.
PREDICTIVE CONTROL
The principle of the predictive control (Camacho and Bordons, 2007) is to optimize a cost function allowing to describe the aim of control over a finite time horizon. To calculate the sequence of controls that minimizes this cost function, we offer the platform "Eco-safe" a multi-model linear representation to predict its behaviour. At each moment, an optimal control sequence is calculated to minimize the cost function on a prediction horizon. Only the first element is applied to the system. As part of our application, this procedure is repeated every 5 minutes.
platform, the cost function is chosen such that:
where:
• y min ≤ y i j (k+ j) ≤ y max ; y re f = y min +y max 2
includes all the estimations of the disturbances. T ext,k , Sol west k and Sol east k are issued from meteorological forecasts in the short term ( Sol west k and Sol east k require a basic calculation according to the orientation of the windows and predicted solar radiation). Occ k is a prediction based on a planning of the energy generated by the people in the room 1 . T HP,k depends on the value of i j (see below).
• i j ∈ 0, ..., 8 represents the used control scenario (cf. part 3.3) and α i j the associated energy cost: • Matrices A com i , B com i and C com are such that they define a reduced-order model of the simulator for 0 ≤ i ≤ 5, whereas we have A com i = A com i−3 and B com i = B com i−3 for 6 ≤ i ≤ 8 considering that the energy consumption of HP in warm mode is exactly the same as in cool mode. Indeed, the order of the simulation system, being important (72), the calculations that would require the development of an optimal control would become very complicated and time consuming. Without immersing into the theoretical details of this model reduction, matrices A com i , B com i and C com are obtained through the determination of balanced state-space realizations. Furthermore, in order not to overly complicate the synthesis of the control law that normally requires the development of state observers to switch from one model to another, we have imposed on the systems of reduced order to be all of the order 5 (the number of temperature sensors). This allows, for a simple basic change, C com = I 5 and initial state condition x (0) = y(0).
Optimization Problem
To minimize criterion J 1 , the Yalmip software (in the Matlab environment) can be used (Lofberg, 2004) . It turns out however that the design load increases with the horizon of prediction N. Also, due to the combinatorial explosion in computation time, for a number of control scenarios equal to 9 (i j ∈ 0, ..., 8 ), the value of N may not exceed 6. For larger values of N, using the Yalmip software no longer makes it possible to obtain a digital solution to the optimization problem. Yet, it can be very interesting to consider a more important prediction horizon. Indeed, a scenario of optimal control on a low prediction horizon may become inappropriate on a larger horizon. This happens especially when the heating and/or cooling capabilities of the building are modest or y min and y max are time-dependent. It is important to specify that temporal changes in y min and y max are beneficial in a context of minimization of the energy cost because the constraints in temperature of the parts of a building are not the same in the absence or in the presence of people. Figures 9 and 10 illustrate this phenomenon in the simple case of a number of control scenarios equal to 4 and when y min and y max are time-dependent. Figure 9 shows in red the control scenario predicted from k + 1 until k + 4 (in agreement with the cost function J 1 plotted vertically to the right of the figure) for y min and y max constant. It is characterized by the sequence of controls i 1 = 2, i 2 = 3, i 3 = 2 and i 4 = 3. In the case of y min and y max become time-dependent (figure 10), it should be noted that the sequence of optimal controls becomes i 1 = 1, i 2 = 2, i 3 = 1 and i 4 = 1 (always in agreement with J 1 plotted to the right of the figure) . Therefore, in this example, if the prediction horizon N is chosen equal to 1, 2 or 3, the optimal control scenario to be applied at time k is associated to i 1 = 2 whereas it is associated to i 1 = 1 for N = 4 and greater. In order to consider a prediction horizon up some hours, we will subsequently use an iterative approach. Its goal is to approach the best scenario of optimal control on a given prediction horizon while controlling the design load. The idea is to subdivide at iteration j interval I j defined by:
in an ordered set of n small-intervals I j,l with the same width: In this expression,ŷ(k)=y(k) andŷ i j (k + j)|ŷ(k+ j−1) represents n predictions of y at k + j from the model associated with control scenario i j and from n particular predictions of y made the iteration before ( j−1). At each of the intervals I j,l is joined a set of predictionsŷ i α (k + j). In order to remove the control scenarios associated to a more important energy cost than others, it keeps only a unique predictionŷ(k + j) per interval I j,l . It corresponds to the smallest value ofŷ i α (k + j). Figure 11 represents the principle of the proposed iterative approach on the same example as before with n = 4, N = 5, i j ∈ 0, ..., 3 = I and |I| = 4: number of members of I. At every moment of prediction, the n best predictionsŷ(k + j) (in the sense of cost function J 1 ) are represented in red on the diagram. It can be observed that the scenario of optimal control i 1 = 1, i 2 = 2, i 3 = 1 and i 4 = 1 is the same as one obtained by considering all the control scenarios in a comprehensive way. On the other hand, the computational load is greatly reduced with the iterative algorithm. Indeed, if the number of calculations to predictŷ(k + j) is of |I|(nN − n + 1) for this algorithm when dim (y) = 1, it becomes maximum of (|I| N+1 − |I|)/(|I| − 1) by exhaustive research. 
Simulation tests
Aiming to illustrate the above approach and knowing that the main rooms of the platform are 1 and 5 rooms, the vectors y min and y max are chosen such that y min = 18 16 16 16 18 and y max = 23 25 25 25 23 . Figures 12 -13 represent the evolution of temperatures T 1 ,k and T 5 ,k as well as the different scenarios of the control with their associated energy cost in kW h over the period 17/05 -23/05/2016 for different values of N and Q. The inputs of the simulator are T ext,k (Figure 14) , Sol west k and Sol east k (figure 15b) and Occ k (figure 15a). By these different simulations, the effect of the term ∑ N j=1 || y i j (k + j) − y re f || 2 Q can be clearly seen on the optimal order scenario. The more Q is important, the more actuators with high power energy are soEnergy Efficiency of a Multizone Office Building: MPC-based Control and Simscape Modelling licited (HP in our case) in on-off (hot-cold) control in order to maintain the temperature of the rooms 1 and 5 close to y re f = y min +y max 2 = 20.5 • C. This type of scenario is highly energy-consuming (see Figure  13c compared to Figure 12c ). Similarly, a low prediction horizon N makes the control more pre-emptive, resulting in a slight increase in the cost of energy in kW h. N equal to 30 samples (equivalent to 150 minutes) seems to be the best adapted in view of the ability of cooling/warming of the two HP. 
CONCLUSION
In this paper, a whole simulator of the thermal behaviour of a building platform has been established. In a relatively high order (72), this simulator integrates the behaviours of the set of the partitions wall dividers/walls/windows of the platform rooms and all energy sources (solar radiation, temperature, rooms' occupancy, ventilation (CMV), heat pumps). Based on a multi model representation of the building and on an energy cost function in kW h, a predictive control has been successfully implemented to ensure the thermal comfort of the platform rooms with a minimum of energy consumption.
